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(heat, load) (temp., displ.)
Non-linear: y = y(x)

2x =6 x>—=3x+2=0 In(2 sin(x) + x3) + 3x cos(x) = 6

* Linear: unique solution
* Nonlinear: multiple solutions (or no solution!)
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(heat, load) (temp., displ.)
Non-linear: y = y(x)

SR (R 010

 Linear: K = const.
* Nonlinear: K = K(U), F = F(U) -> linearize -> iteratively solving linear systems
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Displacement

Constants. Really?
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Types of non-linearities

« Geometric nonlinearity

« Material nonlinearity

« Kinematic (constrain, contact) nonlinearity

Assumptions for linearity:
 Small strains

« Small displacements

« Small rotations

* Linear stress-strain relations
« Constant applied loads

* No contact conditions
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How small? Rules of thumb:

e Strains <5 %

« Displacements < half of the beam/plate thickness
« Small rotations < 5°

Magnitude of strains, displacements and rotations is not the only criterion:

- Buckling W—

« Membrane state during bending

[1] https://www.amazon.com/Two-Way-Foldable-Rebounder-Trampoline-included/dp/B00GZ0IVEG
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Why not always performing analyses that include all kind of nonlinearities?

Advantages of linear analyses:

« analytical solutions are available for many linear problems (model validation)
 they facilitates better conceptual understanding of the problem

e procedures are prescribed by standards

« they are computationally fast and robust

Take advantage of computational simplicity of linear analyses when possible...

... but do not analyse nonlinear problems with linear analyses!
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[1] https://enterfea.com/nonlinear-fea-introduction/
[2] https://caendkoelsch.wordpress.com/2019/03/14/geometric-nonlinearity-what-does-it-mean-post-1-2/ 8

[3] Abagus manual, Simulia
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linear analysis . .
nonlinear analysis
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small (infinitesimal) strain

_ Ax + Ay du, Ju,,
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Deformed

X = X(X,f) ConﬁguKra(t%n). t=t
t

Undeformed
Configuration, t =0

Ko(B)

displacement # deformation
small (infinitesimal) strain:

1 aui au]
gij :E mn

which frame?

[1] https://en.wikipedia.org/wiki/Finite_strain_theory
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Deformed
X = X(X,f) Conﬁgurat%n. t=t
Undeformed Kt( )
Configuration, t =0

Ko(B)

Deformation gradient

axi

Fiy = %) = 5%

ui=xi—Xl- —>xl-=Xl-—ul-

F=1+—

Fij=5i,j+ui,j X

[1] https://en.wikipedia.org/wiki/Finite_strain_theory
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YA el Ju
g
: > 1 0
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. —> ___Jcos(p) —sin(¢)
X F=R= [sin(go) cos(p) ]

cos(p) — 1

1 1
eij=§(ui,j+uj,i) - £=E(F+FT)—I=[ 0

... rigid body displacement (translation)

... rigid body rotation

cos(gg) — 1]

@ =90° = &4y = &y, = —1
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F=RU=VR ... polar decomposition
U ... right stretch tensor
\% ... left stretch tensor

Deformed
configuration

K(B)

Undeformed
configuration

6

FTF=RUTU=UTRTRU=UTU=C

: ... right Cauchy—Green deformation tensor

1 1
E = 5 (FFT —1) ... Green-Lagrange strain tensor i

[1] https://en.wikipedia.org/wiki/Finite_strain_theory
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Green-Lagrange strain small strain
1 1
E=—-(FFT -1 e==(F+F") -1
2 2
1 1
Eij =5 (wj + eij = 5 (wi + W)
C= FTF ... right Cauchy—Green deformation tensor E= 2 (C-D .- Green-Lagrange strain tensor
B=FF' ... left Cauchy—Green deformation tensor e = 1(1 —¢) ... Almansi strain tensor
f=F1FT ... Finger deformation tensor 2 , _
Egioe = U—1 ... Biot strain tensor
c= FTF1 ... Cauchy deformation tensor , ,
Erue = In (U) ... logarithmic (natural, true, Hencky)

strain tensor
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Work conjugates

w=j IFdQ, =J SE dQ, =J aDdQ=J D dQ,

Qo Qo Q Qo

I ... First Piola Kirchhoff stress tensor D = %(F F~1 4+ F—TF) = €.,4e - rateof deformation tensor
S ... Second Piola Kirchhoff stress tensor

c ... Cauchy (true) stress tensor

T ... Kirchhoff stress tensor

16
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i ) linear or nonlinear

 Linear: Linear elasticity
* Nonlinear: Nonlinear elasticity (hyperelasticity), eIastopIasficity

!

A

Stress
=i

> [1]

Strain
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[1] Abagus manual, Simulia
[2] https://en.wikipedia.org/wiki/Plasticity_(physics)
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Linear elasticity, isotropic material
(Hooke's model):

(V)
., o= (1 n v) <€ij + (:I_——Zl))gkkgij>

Elastoplasticity and damage

(Gurson-Tvergaard-Needleman's model):
(0.)°

(c,)°

O = a(Fl(GZZ _0_33)2 +G1(O_33 _0_11)2 + Hl(o—ll _0-22)2 +2(L10_122 + Mlo-lzs +N, 0_223))E +

D =

42 f qlcosh[ggz;‘“j—(l+q3 £2)

Oy

1

\/E(l_a)(Fzz (O'zz _633)4 +G; (0-33 _0-11)4 +H; (0'11_0'22)4 +2(L§ o + M o +N; 633))2

df =(1-f)dgl + A dg? ; def = di
oy
- deP
doy =Cyy | dey — o 421 dz? = Ji-%
doy 1- f)o-y

o :Cijklgkel ; Cijkl :Cijkl (E11’E22’E33’612’613’623’V121V13’V23)

]

d&yn = 0yiP dgfi / (o, (1- 1))
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Hertz contact theory r « a3 Displacement dependent boundary conditions

i
| ]
Force

le
I

Contact boundary Displacement

[1] 2]

[1] https://en.wikipedia.org/wiki/Contact_mechanics
[2] https://mae.ufl.edu/nkim/egm6352/Chap2.pdf 19
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Establishing a contact

Sl |
Contact 4
Eﬁalﬁfrte pressure
A
Any pressure possible when inconfact —__
LY
|
No pressure when no contact — Exponential pressure-overclosure relationship \%_ Fa
- — * — = -} — I
Clearance Clearance Co
hard contact soft contact [1]

[1] Abaqus manual, Simulia
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Thank you for your attention!

http://sctrain.eu/
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